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The nucleotide sequence of the genomic RNA of Acyrthosiphon pisum virus was determined. The APV genome is 10,016
nucleotides in length, excluding the 3*-end poly(A) track, and contains two large open reading frames (ORFs), encoding
proteins of 296,340 and 63,279 Da. The ORF1 is preceded by an untranslated leader sequence of 267 nucleotides. The
ORF1 product contains sequence motifs characteristic of RNA-dependent RNA polymerases, chymotrypsin-like proteases,
and helicases. Interviral sequence comparison revealed significant similarities with viruses belonging to the so-called
picornavirus superfamily. The ORF2 is most likely expressed by a 01 translational frameshift and is followed by an untrans-
lated sequence of 222 nucleotides. Internal amino acid sequences of three capsid proteins (66K, 34K, 23/24K) were
determined. Comparison of the obtained amino acid sequences with the APV sequence disclosed that the structural proteins
are located in the 3*-terminal half of the genome. The 34K protein is encoded by the ORF1, while the 66K protein contains
both ORF1- (34K) and ORF2-derived sequences and is probably expressed by a translational frameshift. The 23/24K proteins
most likely arise by proteolytic breakdown of the 34K protein. Although the deduced APV genomic organization in some
aspects resembles that of the picornaviruses, its overall genomic organization indicates that APV is a distinct species only
distantly related to the Picornaviridae. q 1997 Academic Press
INTRODUCTION isolated from the pea aphid, Acyrthosiphon pisum, and
has been shown to significantly reduce the growth and
The presence of small single-stranded RNA viruses
development of this host (Van den Heuvel et al., 1997).
has been described in many insect species. On the basis
APV particles are isometric with a diameter of 31 nm and
of morphology, capsid structure, and genome type, a
contain a single-stranded RNA molecule of approxi-
large number of these viruses are presently considered
mately 10 kb. The APV capsid is composed of a major
possible members of the family Picornaviridae (Minor et
protein of 34 kDa and three minor proteins of 23, 24, and
al., 1995). However, classification is hampered by the
66 kDa (Van den Heuvel et al., 1997).
lack of sequence data available for these picorna-like
In this paper the complete nucleotide sequence of the
insect viruses. Only the sequence of the 3 *-terminal 1600
APV genomic RNA is reported. Analysis of the sequence
nucleotides of the genome of cricket paralysis virus
revealed the presence of two open reading frames
(CrPV) has been determined (King et al., 1987). Analysis
(ORFs). The ORF2 is probably expressed by a01 transla-
of the deduced amino acid sequence showed a signifi-
tional frameshift. The capsid protein subunits were
cant similarity to sequences of picornavirus capsid pro-
mapped to the 3 *-terminal half of the genome by amino
teins (Koonin and Gorbalenya, 1992), suggesting that
acid sequence determination. It is concluded from the
CrPV is related to the Picornaviridae. However, in con-
genomic organization that APV is a distinct type of ssRNA
trast to the picornaviruses the capsid proteins are not
virus.
encoded in the 5*-part but in the 3 *-part of the CrPV
genome.
MATERIALS AND METHODSVirus-like isometric particles have also been identified
in a variety of aphid species, but only a few viruses have
Virus purification and RNA isolationbeen purified and partially characterized. The most well-
studied viruses are Rhopalosiphum padi virus (RhPV) APV was maintained in Acyrthosiphon pisum on Vicia
(D’Arcy et al., 1981), aphid lethal paralysis virus (ALPV) faba plants. Aphid cultures were kept at 207 with a photo-
(Rybicki and Von Wechmar, 1982), Sitobion avenae virus period of 16 h. Virus was purified as previously described
(SAV) (Allen and Ball, 1990), and Acyrthosiphon pisum (Van den Heuvel et al., 1997). Genomic RNA was isolated
virus (APV) (Van den Heuvel et al., 1997). The latter was from the purified virus using the RNeasy Total RNA kit
(Qiagen), according to the manufacturer’s instructions.
The integrity of the genomic RNA was verified by denatur-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: //31 317 410113. E-mail: F.vanderWilk@IPO.DLO.NL. ing agarose gel electrophoresis (Sambrook et al., 1989).
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Synthesis and cloning of cDNA turer’s instructions. To detect specific APV sequences,
the purified RNA was separated on an 1% agarose gelSynthesis of cDNA was carried out by priming with
containing formaldehyde (Sambrook et al., 1989), trans-oligo-dT and random hexanucleotide primers, using the
ferred to Hybond-N (Amersham), and probed with radio-SuperScript System (Gibco-BRL), according to the sup-
labeled cDNA fragments.plier’s instructions. The double-stranded cDNA frag-
ments were cloned into the Lambda ZAP vector (Stra-
Computer analysis on nucleic acid and protein
tagene). Identification of recombinant clones and subse-
sequences
quent isolation of plasmid DNA was done following
standard procedures (Sambrook et al., 1989). The sequences were compiled, analyzed, and com-
The cDNA of the 5*-terminal sequence of the APV ge- pared using the computer programs of the Genetics
nomic RNA was synthesized by reverse transcription Computer Group of the University of Wisconsin (Dev-
coupled with polymerase chain reaction (RT-PCR) using ereux et al., 1984) and the Blast suite (Altschul et al.,
a 5* RACE (rapid amplification of cDNA ends) kit (Gibco- 1990).
BRL). The tailing reaction in the RACE procedure was
performed using TdT and dCTP. PCR fragments were RESULTS
cloned using the TA cloning kit (Invitrogen), according to
Nucleotide sequencethe manufacturer’s instructions.
The complete nucleotide sequence of the APV geno-
DNA sequencing mic RNA has been determined by sequencing six over-
Sequence analysis was performed with an Applied lapping cDNA clones. The APV genome is 10,016 nucleo-
Biosystems Model 373 automated sequencer, employing tides long, excluding the 3 * end poly(A) track (Fig. 1).
a sequencing kit with AmpliTaq DNA polymerase (Ap- This is highly consistent with the previously estimated
plied Biosystems), and universal and APV sequence-spe- size of 10 kb (Van den Heuvel et al., 1997). The 5*-terminal
cific primers. sequence was determined by carrying out a 5* RACE
The APV genomic RNA sequence was determined procedure and subsequent sequencing of three indepen-
from six independent overlapping clones. The entire se- dent clones. Due to the RACE method used, it cannot be
quence was determined by sequencing both strands of excluded that one or more additional G residues are
each clone, about 93% of the genome was spanned by present at the 5*-terminus.
at least two clones. RT-PCR was carried out to amplify The APV genome contains two large ORFs in the sense
the genomic region containing a frameshift in the reading orientation and no ORFs of significant size could be dis-
frame. The primers used in the RT-PCR procedure were tinguished in the inverse orientation. The genome has a
identical to nucleotides 7794–7808 and complementary 5*-nontranslated leader sequence (5*-NTR) of 267 nucle-
to nucleotides 8282–8300 on the APV genome. otides and a 3 *-terminal NTR of 222 nucleotides. Interest-
The nucleotide sequence reported here appears in the ingly, both the 5*-NTR and 3 *-NTR have an unusual high
EMBL, GenBank, and DDBJ nucleotide sequence data- AU content, 70 and 81%, respectively.
bases under Accession No. AF024514. The deduced amino acid sequences of both ORFs are
presented in Fig. 1. The ORF1 commences at the second
Protein sequencing AUG codon present on the APV genome at nucleotide
Purified APV virions were denatured in Laemmli buffer position 268 and ends with an UAG stop codon at nucleo-
for 10 min at 377 and the structural proteins were sepa- tide 8158, encoding a product of 296,340 Da. The ORF2
rated by SDS–PAGE (Laemmli, 1970). After electrophore- overlaps the ORF1 by 28 nucleotides, but lacks an AUG
sis, the proteins were electrotransferred onto polyvinyli- start codon. To confirm the observed frameshift in the
dene difluoride membranes in 10 mM CAPS, pH 11.0, reading frame, the nucleotide sequence of this region
containing 10% methanol (Matsudaira, 1987). Protein was determined in five independent cDNA clones as well
bands were visualized by Coomassie brilliant blue and as in two cloned RT-PCR fragments. Identical sequences
excised from the blot. CNBr treatment to cleave the pro- were obtained in all cases. In spite of the absence of a
teins and subsequent protein microsequencing were car- start codon, we propose that ORF2 starts at position
ried out at Ariad Pharmaceuticals Inc. (Cambridge, MA). 8130 and terminates with a repeated UAA stop codon at
nucleotide 9795. If this assignment is correct, ORF2 has
RNA analysis a coding capacity of a protein of 63,279 Da.
In the 3 * noncoding region a putative polyadenylationTotal RNA was isolated from aphids employing the
Plant Total RNA kit (Qiagen), according to the manufac- signal AAUAAA was identified. This AAUAAA sequence
FIG. 1. Nucleotide sequence of APV. The deduced amino acid sequences of the putative ORFs are shown under the nucleotide sequence.
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FIG. 1—Continued
overlaps with the poly(A) tail, a similar overlap has also the RNA-dependent RNA polymerases of species of the
been described for several potexviruses (Guilford et al., Comoviridae, Sequiviridae, Caliciviridae, and Picornaviri-
1991). dae (Fig. 2C). Furthermore, this region in the ORF1 prod-
uct contains amino acid sequence motifs characteristic
Conserved amino acid sequence motifs for RNA-dependent RNA polymerases (Koonin, 1991), in-
cluding the consensus pattern SG- - -T- - -NC-aa40-GDDA search for conserved sequence patterns in the APV
(amino acid residues 1848 to 1937). This motif is con-translation products as defined in the Prosite Dictionary of
served in all RNA-dependent RNA polymerases of ssRNAProtein Sites and Patterns, using the computer program
viruses (Koonin and Dolja, 1993). These data indicateMotifs, revealed that two putative ATP/GTP-binding site mo-
that the APV RNA polymerase is encoded by the ORF1.tifs A (P-loop), GVYLQGEKGVGKSSLCNY (aa 290–308) and
Comparison of the remaining ORF1 amino acid se-ILRLQGPEGTGKTTLAMK (aa 535–551), were present in the
quences with sequences present in databases disclosedORF1 product. The deduced ORF1 amino acid sequence
that the sequence from residues 1200 to 1490 shows simi-between residues 270 to 421 was shown to be similar to
larity to chymotrypsin-related cysteine proteases of como-sequences in picornaviral 2C proteins and comoviral mem-
and picornaviruses (Fig. 2C) (Bazan and Fletterick, 1989;brane-binding proteins (Fig. 2A). Possibly, this region of the
Gorbalenya et al., 1989). Alignment of conserved sequenceAPV ORF1 product represents the viral helicase.
motifs (Koonin and Dolja, 1993) identified the putative cata-The sequence of a region (amino acids 1740 to 2060)
of the ORF1 polyprotein was similar to sequences of lytic triad (H1336, D1366, C1455) of the APV protease (Fig. 2C).
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FIG. 2. Comparison of the APV ORF1-encoded sequence with helicase, protease, and RNA-dependent RNA polymerase sequences of picorna-,
como-, nepo-, and caliciviruses. Viruses displaying the highest sequence similarities are shown. Conserved domains (Koonin and Dolja, 1993) are
indicated above the sequence. Numbers on the left refer to the amino acid position in the polyprotein. (A) Alignment of helicase sequences of
cowpea mosaic virus (CPMV) (Lomonossof and Shanks, 1983), encephalomyocarditis virus (EMCV) (Palmenberg et al., 1984), and Theiler’s murine
encephalomyelitis virus (TMEVD) (Ohara et al., 1988). The putative NTP binding domain is underlined. Amino acid residues conserved in at least
three of the viruses are in bold. (B) Alignment of protease sequences of EMCV, TMEVD, cowpea severe mosaic virus (CPSMV) (Chen and Bruening,
1992), and tomato black ring virus (TBRV) (Greif et al., 1988). Residues conserved in at least four of the viruses are in bold. h indicates putative
catalytic triad. (C) Alignment of RNA polymerase sequences of human enterovirus 70 (HEV70) (Ryan et al., 1990), rice tungro spherical virus (RTSV)
(Shen et al., 1993), grapevine fanleaf virus (GFLV) (Ritzenthaler et al., 1991), and human calicivirus (HuCV) (Cauchi et al., 1996). Residues conserved
in at least four of the viruses are in bold.
Upon computer-aided analysis of the deduced ORF2 a combined sample of the 23K and 24K proteins. The
latter two proteins nearly comigrated on the gel, makingproduct a low similarity of its C-terminal sequence to
the sequence of the putative ORF3 product of human it infeasible to isolate both proteins individually.
Upon sequence analysis, the proteins in all three sam-calicivirus (HuCV) (Cauchi et al., 1996) was observed
(data not shown). The APV genomic organization and ples showed to be N-terminal blocked. Therefore, they
were cleaved with CNBr and Edman degradation wasputative conserved domains are depicted in Fig. 3.
carried out on internal fragments. Two amino acid se-
quences could be derived from both the 34K and the 66KCapsid proteins
samples, while in the 23/24K sample only one major
To localize the position of the capsid proteins on the signal was detected. The obtained sequences and their
APV genome, these proteins were microsequenced. Pre- corresponding positions on the APV genome are shown
viously, it has been reported that the APV capsid contains in Table 1. Comparison of the obtained sequences with
four proteins with molecular weights of 23 (23K), 24 (24K), the putative APV translation products showed that the
34 (34K), and 66 kDa (66K). Sequence analysis was car- capsid genes are located in the 3 *-half of the genome
(Fig. 3), downstream of the polymerase domain. This isried out on samples of the 66K and 34K proteins and on
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opposite to the picornaviral genome arrangement in kb (Fig. 4A). However, Northern blot analysis revealed
the presence of a second, smaller, RNA species of ap-which the capsid proteins are localized at the 5*-end of
the genome. proximately 4 kb, in both purified virus particles and APV-
infected aphids (Fig. 4B). This second RNA moleculeIn all samples the amino acid sequence DVITKYAFF-
TTGVSSE was present as a major signal. Therefore, it hybridized strongly with a cDNA clone containing 3 *-
terminal APV genomic sequences, but only weakly to awas concluded that all capsid proteins contain partly the
same sequence. Probably, the 34K encoding sequence 5*-terminal cDNA clone. In infected aphids accumulation
of the 4-kb RNA was significantly higher than the 10-kbextends to the end of ORF1 and the 23/24K proteins arise
by proteolytic breakdown of the 34K protein. The internal RNA, while in virus particles only minute amounts of the
4-kb RNA were present.sequences obtained from the 66K mapped both to the
ORF1 and ORF2. Most likely, expression of the 66K pro-
tein results from a 01 translational frameshift.
DISCUSSION
Here we report the first complete nucleotide sequenceSubgenomic RNA
of the genome of a picorna-like insect virus. The APV
genome is approximately 10 kb long and contains twoOn denaturing agarose gel, the RNA isolated from puri-
fied APV appeared as one molecule of approximately 10 large ORFs. The linear arrangement of amino acid motifs
FIG. 3. Schematic representation of the APV genomic organization. Conserved and putative protein domains are indicated: Hel, helicase; prot,
protease; Pol, RNA-dependent RNA polymerase; and CP, coat proteins. The presence of a VPg is yet to be determined.
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TABLE 1
Internal Amino Acid Sequences of the APV Structural Proteins as Determined by Edman Degradation
cp Amino acid sequence Position
66 K DVITKYAFFTTGV 7813–7851
ALNNVIPANLP 8804–8837
33 K NRSAPNNSWLRAGGITFNIHDLVYNQFVGCNKQITVG 7486–7596
DVITKYAFFTTGVSSE 7813–7860
23/24 K DVITKYAFFTTGVS 7813–7854
Note. The corresponding nucleotide positions on the APV genome are indicated.
defining the putative helicase, protease, and polymerase generally accepted that picorna-, sequi-, como-, and po-
in the APV ORF1 polyprotein resembles that of picornavi- tyviruses evolved from a common ancestor virus (Koonin
ruses. But in contrast to the picornaviruses, the APV cap- and Dolja, 1993). Possibly, APV represents an evolution-
sid proteins are positioned 3 *-terminal of the polymer- ary link between the Picornaviridae and several plant
ase, and a second ORF is present on the genome. More- viruses, including the Potyviridae.
over, the APV untranslated 5*-leader sequence is The strategy of expression of the APV capsid proteins
significantly shorter as compared to that of picornavi- involves both proteolytic breakdown and translational
ruses. These data suggest that APV does not classify frameshifting. The viral particles are composed of four
into the Picornaviridae or any other recognized taxon, structural proteins of which the major 34K protein is pres-
and is a distinct type of positive strand virus. APV is ent in 5- to 10-fold excess to the other structural proteins,
serological related to SAV (data not shown), and the 3 *- as determined by PAGE (Van den Heuvel et al., 1997).
terminal localization of the capsid proteins on the CrPV The obtained amino acid sequences indicate that the
genome (Koonin and Gorbalenya, 1992) appears to re- 23K and/or 24K protein arise by degradation of the major
semble the APV genomic organization, suggesting that 34K protein. Interestingly, in another group of insect vi-
these three viruses are related and possibly belong to ruses, the Nodaviridae, a similar expression strategy oc-
the same taxonomical group. curs. A virus-like ‘‘provirion’’ is formed, which requires
The overall sequence similarity of the APV products is autocatalytic cleavage of the coat protein precursor into
highest with those of CPMV and TMEV. However, the two smaller proteins to become infectious (Schneeman
APV genomic arrangement, helicase–protease–poly- et al., 1992). Maturation is often incomplete and precur-
merase-coat protein, appears to be potyvirus-like. It is sor protein is usually abundantly present (10–50% of the
capsid) in the virions. Analogous to the nodaviruses, the
APV 34K might represent such a precursor as well.
Expression of the APV 66K involves a translational 01
frameshift giving rise to a fusion protein containing both
ORF1 (34K) and ORF2 sequences. Translational frame-
shifting requires the presence of a heptanucleotide sig-
nal or ‘‘slippery site’’ and downstream sequences that
are able to fold in stable secondary structures (Jacks et
al., 1988; Brierly et al., 1989). The consensus sequence
for the ‘‘slippery site’’ is DDDWWWN (Ten Dam et al.,
1990). The sequence UUUAAAC matching the consensus
is present in the ORF1–ORF2 overlap at nucleotide posi-
tions 8148 to 8154. Moreover, this sequence has been
shown to be involved as ‘‘slippery site’’ in 01 frameshifts
in a number of retroviruses (Jacks et al., 1988; Ten Dam
et al., 1990). Therefore, it is concluded that the sequenceFIG. 4. (A) Denaturing agarose gel electrophoresis: lane 1, RNA (1
mg) isolated from purified APV; lane 2, molecular size standard. (B) UUUAAAC most likely composes the APV ORF1/ORF2
Northern blot analysis. A radiolabeled cDNA fragment corresponding ‘‘slippery site.’’ Six nucleotides downstream of this se-
to nucleotides 4,959–10,016 of the APV genome was used as a probe. quence a potential stemloop (DG  014.1 kcal/mol) can
Lane 3, RNA (25 mg) isolated from APV-infected A. pisum; lane 4, RNA
be recognized (Fig. 5).(25 mg) isolated from noninfected A. pisum; lane 5, RNA (1 mg) isolated
from purified APV. The biological function of the 4-kb RNA remains to
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FIG. 5. Structures putatively involved in the ORF1/ORF2 frameshift. Numbers refer to the nucleotide position on the APV genome. The proposed
‘‘slippery site’’ is underlined. The possible stem–loop structure was identified using the computer program Fold (Zuker and Stiegler, 1981).
mosaic virus genomic RNAs: Infectious transcripts and completebe investigated. Only minute amounts of this RNA were
nucleotide sequence of RNA. Virology 191, 607–618.present in viral particles. Considering the difference be-
Clarke, I. N., and Lambden, P. R. (1997). The molecular biology of calici-tween the levels of accumulation of this RNA in virus
viruses. J. Gen. Virol. 78, 291–301.
particles and infected tissues, it seems unlikely that APV D’Arcy, C. J., Burnett, P. A., Hewings, A. D., and Goodman, R. M. (1981).
has a bipartite genome. Possibly, the 4-kb RNA consti- Purification and characterization of a virus from the aphid Rhopalosi-
phum padi. Virology 112, 346–349.tutes a subgenomic RNA. Encapsidation of subgenomic
Devereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensiveRNAs has been reported for several viruses including
set of sequence analysis programs for the VAX. Nucleic Acids Res.the Caliciviridae (Clarke and Lambden, 1997). However,
12, 387–395.its role as a subgenomic RNA is unclear. Since the ORF2
Gorbalenya, A. E., Donchenko, A. P., Blinov, V. M., and Koonin, V. E.
seems to be expressed by a translational frameshift and (1989). Cysteine proteases of positive strand RNA viruses and chy-
no other significant ORFs are present on the genome, a motrypsin-like serine proteases. A distinct protein superfamily with
a common structural fold. FEBS Lett. 243, 103–114.function as messenger RNA appears to be superfluous.
Greif, C., Hemmer, O., and Fritsch, C. (1988). Nucleotide sequence ofMoreover, the 4-kb RNA hybridized weakly to a 5*-termi-
tomato black ring virus RNA-1. J. Gen. Virol. 69, 1517–1529.nal cDNA clone, indicating that the RNA also contains
Guilford, P. J., Beck, D. L., and Forster, R. L. (1991). Influence of the5*-half APV sequences. An alternative explanation is that
poly(A) tail and putative polyadenylation signal on the infectivity of
the 4-kb RNA represents a defective RNA. Further se- white clover mosaic potexvirus. Virology 182, 61–67.
quence analysis will be needed to resolve this intriguing Jacks, T., Madhani, H. D., Masiarz, F. R., and Varmus, H. E. (1988). Sig-
question. nals for ribosomal frameshifting in the Rous sarcoma virus gag-pol
region. Cell 55, 447–458.
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